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Scientific context
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Introduction
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Scientific context

Effects of rapid rotation

@ centrifugal deformation

@ Coriolis force

@ significant distortion of

pulsation modes

@ need for a 2D numerical

approach
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The TOP code

@ TOP = Two-dimensional
Oscillation Program

e top = “toupie” (in French)

http://johnmannophoto.com/blog/?p=103
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TOP code
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The TOP code

@ TOP = Two-dimensional
Oscillation Program

e top = “toupie” (in French)

http://johnmannophoto.com/blog/?p=103

o initially started writing the code in 2007-2009 during first
postdoc in Sheffield

e numerical method based on Ligniéres et al. (2006)
o borrowed parts from LSB (= Linear Solver-Builder)

e multi-domain version 2010-2011 (with J. Ballot)
@ non-adiabatic version 2012-2013 (with M.-A. Dupret)

@ B. Putigny unified multiple versions, added a python interface,
and started redoing the script language (~2013-present)
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TOP code
0e00

The TOP code

Script file with
equations

@ Fortran 90 code @ Pre-processing
@ Perl code for interpreting Fortran
pulsation equations in script file source

° th.IS produces .Fottran code, code
prior to compilation

e may be replaced by a newer Compilation
interpreter in C++ & other f \
language Executable

program
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TOP code
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The TOP code

Current script

eq_cesam_all_lagrange_avg - /home/dreese/TOP/real2D/models/cesam/

New script

cesam1D - /home/dreese/TOP_Bertrand/top/parser/examples/ o

Fle Edit Search preferences Shell Magro Windows Hep fie Edt Seach preferences Shell Macro Windows Hop |
homedreese/TOFreaizDmodlsicesam/eq_cesam_allagrange_avg byte 0 of 13087 tico Y o 1088 t1co
input gridfile a256 4 input double mass
input Inputlict acse input doubls Rota
input doubls age
cqlist eqdp p egm: sgmt cqpii cqmnip egfp sqphie sqphicd B O e
G3rlist GBb Er Bt Dhi Phib Ep Phie Dhich input String gridfile i
inpuc int pert medel
suppress BhiP Phiep input string sFid_typs
input dous1e
lvsr Be  abs( BN Souns G
B input double cz
lvar dB P abs(; | input double 3
lvar PhT abs (i
lvar PhiP abs(i var dP_P, (Er, Et), PhiP, Phi
var Phie abs(
1var Bhice at field pm, gm, r, rhom, dg_m, rhom_z
r Ep abs (m) +1-iparity scalar Ganmal, Lambda !
I som emerty in
Sb(m) +iparity |
153 =4db P sbs(m+iparity i
18 S Simibericy equation sqd P:
155 S3Phip Sbs(m+iparity Tk tinst) 2
1 e aeaten (r/Gammai) saee o
153 cdbhic abs(m :
18 S SRy -
with (e=1) i
ar(Ee, 1) = 1n + dr(Ee, 1)
fnstruction lmag = maxval (lvar) © i
instruction call Initisiisation(nt,nr,m,lres,1lnax) § this initislises
instruction call init avg(anstsderive(: i, o) anacslbder (0),
quation eqer
quation eqapp l
Phip -
sub xvt u0 Tlim o (x paptroree s/Gamsl §a, §1eg, S1var) 2 one cEEe
sub rtt w0 Illm a(zata,$a,$leq, avg (-pu/rhe * dp P +
fomm'sud 20 & (TR o/camat)) 4 G5B+
rm rt w0 -dble(§lvar(§j1)* (§lvar(§j1)+1)) Et avg * Er® 4+
ug(-dam) ‘B
termbe t nr w0 1df Er*-1(1) with (r=1)
termbc t nr w0 —dble(slvar(sjﬂ) EtA-1(1) dr (d] -1) =0 1 ]
1 this lsequivalent £5 Setting|delta B/e.( gm0 on the edge:
Squation eqer | fermbe's nr w0 140 - (nr
sub rtt w2 Illm a(r_z/roz**2,$a, $leq, Er
sub rtt wl Illm a(230%m*Rotatr. z/roz’*z sa §1 e? $lvar) Er equation egEt
s rtt w0 Hinciatalrota i z/kcz" Sta,§1eg, Tvan) Er
S ECE @ glind (e rod 165151 Ed
sub rtt wl J1lm_a(2d0* m‘RDta*zrt roz, $a §leq, $]var] Et fpr2 A b * dr(Et, -1) -
= = g :
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The TOP code

Numerical aspects and parallelisation
@ TOP relies on BLAS and LAPACK for most of the heavy
computations

e good optimisation on most (super-)computers
e provides OpenMP type parallelisation
@ experimented with ScaLAPACK library

e provides MPI type parallelisation
e may allow solving 3D problems (by increasing available RAM)

v
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Numerical approach
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Numerical approach

@ 2D numerical approach

@ Angular discretisation:
spherical harmonic

o Radial discretisation:

e polytrope: Chebyshev
o realistic model: FD or
splines

@ Uses a suitable coordinate

system (¢, 6, ¢) (cf.
Bonazzola et al., 1998)

[System of equations] = Av = ABv J
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Numerical approach
oe

Method

1. Find explicit equations
in spheroidal coordinates

Continuity equation
Euler's equation
Adiabatic relation
Poisson’s equation
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Numerical approach
oe

Method

1. Find explicit equations
in spheroidal coordinates

2. Express unknowns us-
ing spherical harmonics

For example: ®((, 6, ) Z (¢ )
L=|m|
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Numerical approach

oe

Method
1. Find explicit equations 3. Project equations on
in spheroidal coordinates spherical harmonic basis

2. Express unknowns us-
ing spherical harmonics

For example: / / {Y/"}" {Continuity equation} dQ
47

D. R. Reese 2D oscillation computations with TOP



Numerical approach

oe

Method
1. Find explicit equations 3. Project equations on
in spheroidal coordinates spherical harmonic basis

4. Carry out radial
discretisation (Chebyshev,
FD, splines)

2. Express unknowns us-
ing spherical harmonics

Generalised eigenvalue problem: Av = \Bv
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Numerical approach

@0000

Horizontal discretisation

t=01 2 3 4 5 6 7 8 9 =01 2 3 4 5 6 7 8 9

=0

9 87 6 5 43 2 1t

Only Coriolis Centrifugal def. Equat. symmetry

@ spectral convergence with spherical harmonics

@ problem couples all spherical harmonics of same parity
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Numerical approach
0000

Radial discretisation

FD/spline derivation matrix

Chebyshev derivation matrix

20

10 15

O{seecseneccsenenesnenee

Discretisation Convergence  Grid
FD/splines algebraic flexible
Chebyshev polynomials  exponential fixed

D. R. Reese
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Numerical approach
00@00

Radial discretisation — Chebyshev polynomials

N
@ construct & factorise full matrix \ ;

@ Model: polytrope
@ Resolution: 5670 x 5670 .

o Ny =10 \\

o Fill factor: 10.6% /

e good parallelisation

v

D. R. Reese 2D oscillation computations with TOP



Numerical approach
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Radial discretisation — Chebyshev polynomials

Characteristics
@ construct & factorise band

matrix .

e poor parallelisation

v

o Model: SCF

@ Resolution: 8080 x 8080
o (N,, Ny) = (101,10)
o Lower bands: 130
o Upper bands: 140

e Fill factor: 27.0%

A\
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Numerical approach
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Matrix construction

@ the order of the equations and the variables are set by the
user
o when dealing with FD/splines, group ¢ values together to
obtain banded matrix
o fine-tune ordering to reduce number of bands
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Numerical approach
°

Solving the eigenvalue problem

Arnoldi-Chebyshev algorithm

@ iterative procedure in which original matrix is approximated by
a smaller matrix obtained by successive iterations of: Av

starting with some initial vector vy
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Numerical approach
°

Solving the eigenvalue problem

Arnoldi-Chebyshev algorithm

@ iterative procedure in which original matrix is approximated by
a smaller matrix obtained by successive iterations of: Av

starting with some initial vector vy

Spectral transformation

1
Av=ABv < (A—0oB) 'Bv=pv where A=o0+—
©

@ when targeting eigenvalues close to o, we need to solve
(A—oB)X =Y

@ it is therefore necessary to construct and factorise A — oB
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Numerical approach
°

Polynomial eigenvalue problem

Z MNAv=0 <— Ax = ABx where
i=0

Ao . . . —AT —A - —A, v

Solving (A —oB)X =Y
O X=[x0...xp-1]", Y =[v...ya1]"
@ By induction, let us define (W,-),-E[Ln_l]:
w1 = oyi, wir1 = o(yir1 + w;)

P =1 _
9 SoIve: X0 = (Z?ZO O"A,') (yo — 27:11 Ai+1 W,')
@ By induction: xj11 = yj11 + 0X;
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Numerical approach
®00

The multi-domain approach

@ assumption: only consecutive domains are coupled
= tridiagonal block matrix

Al A X1 Y1
A1 An  Ax X | | Y
: Anfl,n

An,n—l An,n Xn Yn
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(o] le}
Solving this system

@ use of Gauss' pivot to eliminate A;11 ; and A; ;11

@ one should not forget that matrix multiplication is not
commutative

Factorisation

i i Al
— i+1,4+1 — 241,041 — 21,07 T+
A1l = Ann Ait1, i1 = Air1,it1 — A1, iA; J AL i1

Downward sweep

Vi=Y1 Y=Y — A ALY

1,1

Xo=AT0Ye  Xia=AT (\7;—1 - Ai—l,i;(i>
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Numerical approach
ooe

Radial discretisation — spectral multi-domain

Characteristics

e tridiagonal block matrix

e good parallelisation

&
=

o Model: ESTER =
o Resolution: 10150 x 10150 =

o N, = \
(30, 55,45, 40, 40, 50, 70, 70, 30

o Nyg=5H \

o Fill factor: 25.4% »
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Typical numerical resolutions

@ polytropes: N, = 60, Ny = 40
e SCF: N, =1601, Ny = 10 to 50
@ Note: (. >~ 2Ny
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[e] lele]
Numerical cost for adiabatic calculations in ESTER models

N, Ny Memory (in Gb) Time (in min) Num. proc.

400 10 0.5 0.16 2
400 15 1.1 0.33 2
400 20 1.9 0.65 2
400 30 4.2 1.6 2
400 40 7.4 3.3 2
400 100 ~70 24 25

Numerical cost for non-adiabatic calculations in ESTER models

N, Ny Memory (in Gb) Time (in min) Num. proc.

400 10 3.5
400 15 7.9
400 20 13.4 5 4
400 29 28.0 10 8
400 40 52.7 22 8
400 50 82.3 26 16
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Tests and precision of the method

Polytrope

@ Comparison with Christensen-Dalsgaard and Mullan (1994)
(Q=0): Aw/w~ 10~

e Comparison with Lignieres et al. (2006): Aw/w ~ 10~/

Comparison with Saio (1981) for small Q

Variational principle: Aw/w ~ 10~" when N = 3 and
Aw/w ~ 107° when N = 1.5

Numerically: Aw/w > 10710

used to validate the ACOR, another 2D pulsation code
(Ouazzani et al. 2012)

(]

SCF
e Variational principle: Aw/w ~ 107% 3 1073
e Numerically: Aw/w ~ 107> 31074
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Tests and precision of the method — ESTER models

Estimated accuracy

e frequencies:

e analytical EOS: 1078 to 10~
o tabulated EOS: ~ 10~*

@ excitation/damping rates: 1072 to 10~}
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4.670

= 4.799
15, 27

%
@
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3L -3







w= 4.234
3, -1

o= 4.458
10, -2z*

©= 5.383
34, -3




1. 253 = 1. 779 o o 941 2. 23'7




Results
oe

Rosette modes

o first discovered by Ballot et
al. (2011) using the TOP
code

o further studied by Takata

& Saio (2013, 2014,
2014b)

(Reese, 2013)

D. R. Reese 2D oscillation computations with TOP



	Introduction
	TOP code
	Numerical approach
	Discretisation
	Eigenvalue problem
	Polynomial problem
	Multi-domain

	Performance
	Results

